Introduction
============

Hydroxycamptothecin (HCPT) has few side effects in the treatment of various cancers and has been widely used clinically ([@b1-ol-0-0-8107]--[@b3-ol-0-0-8107]). HCPT can inhibit proliferation and induce apoptosis in some types of cancer treatment, including prostate, colon and ovarian cancer ([@b4-ol-0-0-8107]--[@b6-ol-0-0-8107]). However, the underlying molecular mechanism by which HCPT affects the development of lung cancer has not yet been elucidated.

In the 21st Century, lung cancer has accounted for a marked proportion of morbidity and mortality worldwide according to the American Cancer Society ([@b7-ol-0-0-8107]). Small-cell lung carcinoma (SCLC) and non-SCLC (NSCLC) are the primary types of lung cancer, 85--90% of lung cancer is NSCLC ([@b8-ol-0-0-8107]). Among those patients with advanced NSCLC and those undergoing first-line platinum-based double-agent chemotherapy, the remission rate is between 30 and 40%. In addition, the median survival time is reported to be between 31 and 40 weeks, and the 1-year survival rate is between 30 and 40% ([@b9-ol-0-0-8107]). Therefore, there is an urgency to understand the key issues regarding alternative therapeutic approaches for treating NSCLC.

Autophagy serves a pivotal function in the physiological and pathological processes. It eliminates misfolded aggregated proteins to maintain cellular homeostasis ([@b10-ol-0-0-8107],[@b11-ol-0-0-8107]). Nucleation and elongation of the isolation membrane are the two major processes in the autophagosome formation. At first, the formation of the initial film nucleation stage requires a kinase complex including Beclin-1, a B-cell lymphoma 2 (Bcl-2) homology domain 3-only protein, which is frequently used as a marker for monitoring autophagy. Subsequently, the cytosolic protein light chain 3 (LC3)I is conjugated to phosphatidylethanolamine, forms LC3II and participates in membrane elongation ([@b12-ol-0-0-8107]--[@b15-ol-0-0-8107]). In addition, autophagy pathways have also been reported to participate in anticancer drug-induced cell death, such as 5-fluorouracil and rapamycin ([@b16-ol-0-0-8107],[@b17-ol-0-0-8107]). Notably, it has been demonstrated that the appropriate modification of autophagy is able to accelerate the process of apoptosis and enhance the curative effect of chemotherapy ([@b18-ol-0-0-8107]--[@b20-ol-0-0-8107]). However, the effects of autophagy on the ability of HCPT to inhibit the proliferation of lung cancer cells remain unknown.

Materials and methods
=====================

### Chemicals and antibodies

3-Methyladenine (3-MA) and rapamycin were purchased from Sigma; Merck KGaA (Darmstadt, Germany). A Cyto-ID autophagy detection kit was purchased from Enzo Life Sciences, Inc. (Farmingdale, NY, USA; cat. no. ENZ-51031-K200). HCPT was purchased from Bailingwei Technology Co., Ltd. (Beijing, China) and an MTT cell viability assay kit was purchased from Zhejiang Tianshun Biotechnology Co., Ltd. (Zhejiang, China; <http://tianshunbiotech.com/index_en.asp>). An Annexin V-propidium iodide (PI) apoptosis kit was purchased from Yeasen Biotechnology Co., Ltd. (Shanghai, China). Rabbit polyclonal anti-Beclin-1 (cat. no. 4122), rabbit polyclonal anti-phosphorylated mammalian target of rapamycin (p-mTOR) (cat. no. 5536), rabbit polyclonal anti-Bcl-2-associated X protein (Bax) (cat. no. 2772), rabbit polyclonal anti-Bcl-2 (cat. no. 2876), rabbit polyclonal anti-GAPDH (cat. no. 5174), goat anti-rabbit immunoglobulin secondary antibody (cat. no. 14708), Tubulin antibody (cat. no. 2146) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA); Rabbit polyclonal anti-LC3 (cat. no. L7543) were purchased from Sigma; Merck KGaA (Darmstadt, Germany).

### Cell culture and treatments

The A549 NSCLC cells were obtained from the Chinese Academy of Sciences (Beijing, China) and maintained in RPMI-1640 medium (Shanghai Haoran Biological Technology Co., Ltd., Shanghai, China) supplemented with 10% fetal bovine serum (FBS; Shanghai Haoran Biological Technology Co., Ltd.) at 37°C in a humidified atmosphere containing 5% CO~2~. When cells reached 70--80% confluence, (0--400 µM) HCPT was added to the medium for 24 h.

### Cell viability assay

In brief, A549 cells were plated in a 96-well plate at 5×10^4^ cells/well and were treated with (0--400 µM) HCPT. After 24 h, 10 µl 5 mg/ml MTT solution was added to each well prior to incubation at 37°C for an additional 4 h. Following careful removal of the medium, 150 µl MTT solvent (DMSO) was added to each well. Cells were protected from light and mixed on an orbital shaker (80 rpm) for 15 min. The absorbance values were read at 590 nm, with a reference filter of 620 nm. Each experiment was performed in triplicate.

### Apoptosis assay

A549 cells were grown to 70--80% confluence and HCPT group A549 cells were treated with (0--400 µM) HCPT for 24 h, (5 mM) 3-MA group A549 cells were treated with (5 mM) 3-MA for 1 h and (50--400 µM) HCPT+(5 mM) 3-MA group A549 cells were treated with (5 mM) 3-MA for 1 h then were treated with (50--400 µM) HCPT for 24 h. Analysis of apoptosis in cells stained with fluorescein isothiocyanate (FITC) Annexin V and propidium iodide (PI) was performed using a flow cytometer and Cell Quest Pro software version 5.1 (BD Biosciences, San Jose, CA, USA). Each experiment was performed in triplicate.

### Determination of autophagosome formation using Cyto-ID staining

The cell nucleus was stained blue by Hoechst 33342 (5 µg/ml) in the dark for 30 min at 37°C and Cyto-ID Green dye (diluted in 5% FBS at 1:1,000) was employed to selectively label autolytic enzyme bodies and indicate autophagy at 37°C in the dark for 30 min, which are expressed as green dots as described in a previous study ([@b21-ol-0-0-8107]). A Cyto-ID autophagy detection kit was employed to analyze autophagy. In brief, A549 cells were washed with 1X assay buffer containing 5% FBS and cells were incubated in Cyto-ID solution at 37°C in the dark for 30 min. Finally, all samples were visualized by laser-scanning confocal microscopy (FV1000; Olympus Corporation, Tokyo, Japan), (confocal microscope image ×40 magnification).

### Western blot analysis

Whole cell lysate was prepared with lysis using Triton X-100/glycerol buffer, containing 50 mM Tris-HCl (pH 7.4), 4 mM EDTA, 2 mM EGTA, and 1 mM dithiothreitol, supplemented with 1% Triton X-100, 1% SDS, and protease inhibitors, and then separated on a SDS-PAGE gel and transferred to PVDF membrane. Western blot analysis was performed using appropriate primary antibodies and horseradish peroxidase-conjugated suitable secondary antibodies, followed by detection with enhanced chemiluminescence (Pierce Chemical). A total of 30 mg protein lysate (the protein determination method adopt BCA) was separated by SDS-PAGE (8--13%) and then transferred onto a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Membranes were incubated overnight at 4°C with primary antibodies against LC3 (dilution, 1:1,000), Beclin-1 (dilution, 1:1,000), p-mTOR (dilution, 1:1,000), Bax (dilution, 1:1,000), Bcl-2 (dilution, 1:1,000), GAPDH (dilution, 1:1,000) and Tubulin (dilution, 1:1,000), prior to incubating membranes with goat anti-rabbit immunoglobulin secondary antibody (dilution, 1:1,000) for 2 h at room temperature. The bands were visualized by enhanced chemiluminescence (Genshare, Shaanxi, China). Image J software version 1.4.3.67 (National Institutes of Health, Bethesda, MD, USA) was employed to quantify protein expression levels. GAPDH or Tubulin (Tu) were used as loading controls.

### Statistical analysis

Data were analyzed using SPSS software (version 21.0; IBM Corp., Armonk, NY, USA). Data are expressed as the mean ± standard deviation. One-way analysis of variance followed by a Least Significance Differences (LSD) post-hoc testing was used to examine differences between groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### HCPT inhibits cell proliferation and induces apoptosis in A549 cells

As presented in [Fig. 1A](#f1-ol-0-0-8107){ref-type="fig"}, treatment with (0--400 µM) HCPT resulted in a dose-dependent decrease in A549 cell viability. In order to determine whether HCPT induced apoptosis of A549 cells, the expression of the apoptosis-specific proteins Bax and Bcl-2 was determined in (0--400 µM) HCPT-treated A549 cells by western blot analysis ([Fig. 1B](#f1-ol-0-0-8107){ref-type="fig"}). The results indicated that HCPT downregulates Bcl-2 expression and increases Bax expression *in vitro*. Furthermore, the Bcl-2/Bax ratio was decreased in response to HCPT ([Fig. 1B](#f1-ol-0-0-8107){ref-type="fig"}). Similar results were acquired using flow cytometric analysis ([Fig. 1C](#f1-ol-0-0-8107){ref-type="fig"}), Annexin^+^PI^+^ represent apoptosis. Taken together, these results suggest that HCPT induces apoptotic cell death in A549 cells.

### HCPT induces autophagy in A549 cells

In order to determine whether HCPT was able to induce autophagy in A549 cells, a Cyto-ID autophagy detection kit was employed. As presented in [Fig. 2](#f2-ol-0-0-8107){ref-type="fig"}, the number of Cyto-ID-positive cells gradually increased with increasing concentrations of HCPT treatment in A549 cells. In order to further verify this result, the expression of autophagy-associated proteins, including LC3, Beclin-1 and p-mTOR, was detected in A549 cells treated with HCPT (RPMI-1640 medium with 0--400 µM HCPT) by western blot analysis. The results indicated that HCPT increased the conversion of LC3I into LC3II ([Fig. 3A](#f3-ol-0-0-8107){ref-type="fig"}) and increased Beclin-1 protein expression ([Fig. 3B](#f3-ol-0-0-8107){ref-type="fig"}), but decreased the expression of p-mTOR ([Fig. 3C](#f3-ol-0-0-8107){ref-type="fig"}), suggesting that HCPT induces autophagy in A549 cells.

### Effect of autophagy inhibitors

Autophagy is able to be inhibited by activation of the phosphoinositide 3-kinase signaling pathway ([@b22-ol-0-0-8107]). In order to further prove that HCPT is able to induce an increase in autophagy, cells were treated with an autophagy inhibitor (3-MA) prior to treatment with HCPT. A549 cells were treated with (5 mM) 3-MA, prior to (200 µM) HCPT treatment for 1 h ([Fig. 4](#f4-ol-0-0-8107){ref-type="fig"}). The results from this experiment demonstrated that the combination of 3-MA and HCPT significantly decreased cell viability ([Fig. 5A](#f5-ol-0-0-8107){ref-type="fig"}) and the Bcl-2/Bax ratio decreased ([Fig. 5B](#f5-ol-0-0-8107){ref-type="fig"}) and increased apoptosis ([Fig. 5C](#f5-ol-0-0-8107){ref-type="fig"}) (Annexin^+^PI^+^ represent apoptosis) in response to 3-MA and 200 µM HCPT treatment in A549 cells. These results suggested that inhibition of autophagy decreased cell viability and increased apoptosis induced by HCPT in A549 cells.

Discussion
==========

Uncontrolled proliferation and deregulated apoptosis are important features of malignant tumor cells, and there are a number of anticancer drugs that target tumor cell proliferation and induce apoptosis ([@b23-ol-0-0-8107]--[@b25-ol-0-0-8107]). The Bcl-2 family proteins serve an important function in regulating apoptosis. For example, Bcl-2 is the main inhibitor of apoptosis and Bax is the main promoter of apoptosis in the Bcl-2 family. Furthermore, Bcl-2 and Bax regulate the release of apoptotic activators, including cytochrome c, to affect the state of cells by controlling the permeability of mitochondrial membrane ([@b26-ol-0-0-8107]). The Bax dimer opens the channel on the membrane in order to increase its permeability, Bcl-2 and Bax form a heteropolymer which reduces permeability ([@b27-ol-0-0-8107]), when Bax forms a homologous dimer, it induces apoptosis. The Bax-Bcl-2 allodimer inhibits cell apoptosis ([@b28-ol-0-0-8107]). Furthermore, Bcl-2 and Bax regulate tumor cell apoptosis ([@b29-ol-0-0-8107]). The Bcl-2/Bax ratio is associated with tumor occurrence and development ([@b30-ol-0-0-8107],[@b31-ol-0-0-8107]). In the present study, Bax and Bcl-2 protein levels were assessed by western blot analysis. The results indicated that HCPT decreased Bcl-2 protein levels and increased Bax protein levels. Furthermore, the Bcl-2/Bax ratio was decreased in response to HCPT treatment. Flow cytometric analysis also confirmed these results, suggesting that HCPT induces apoptotic cell death in A549 cells. In addition, dose-dependent concentrations of (0--400 µM) HCPT decreased cell viability of A549 cells as determined using an MTT assay. Taken together, the results of the present study suggest that HCPT inhibits cancer development by preventing tumor cell proliferation and inducing apoptosis.

The results of the present study indicate that HCPT induces autophagy in A549 cells and that by targeting autophagy using 3-MA, an autophagy inhibitor, the cells become more sensitive to HCPT treatment. Autophagy is responsible for maintaining the steady state of cells by degrading misfolded proteins and eliminating damaged organelles ([@b32-ol-0-0-8107]). However, evidence suggests that autophagy can lead to cell death via a process distinct from apoptosis ([@b33-ol-0-0-8107]), termed autophagic cell death. A number of anticancer drugs contribute to the antitumor process by inducing autophagy and apoptosis at the same time ([@b34-ol-0-0-8107]--[@b36-ol-0-0-8107]). It is important to note that a number of factors may induce autophagy, including hypoxia, DNA damage and damaged organelles ([@b36-ol-0-0-8107],[@b37-ol-0-0-8107]).

A growing body of evidence suggest a possible function of autophagy in controlling pathogens ([@b38-ol-0-0-8107]). In response to chemotherapy, autophagy-deficient tumors fail to elicit an anticancer immune ([@b39-ol-0-0-8107]). Therefore, future research should consider the cell context-specific functions of autophagy.

The results of the present study indicated that exposing A549 cells to HCPT significantly increases autophagy. Treatment with an autophagy inhibitor (3-MA) led to a statistically significant decrease in viability and increased apoptosis in A549 cells in response to HCPT treatment. Therefore, inhibiting autophagy may decrease the viability and apoptosis of A549 cells treated with HCPT. Combining autophagy inhibitors with HCPT may enhance the efficacy of HCPT for treating lung cancer. The results of a recent study suggested that HCPT confers antitumor efficacy on HeLa cells via activating autophagy and mediating apoptosis in cervical cancer ([@b40-ol-0-0-8107]), which is also consistent with the results of the present study. Nevertheless, it is worth mentioning that the ratio of LC3II/I in the 200 µM HCPT group was increased compared with that of the 400 µM HCPT group. Similarly, the rate of change in the growth inhibition and apoptosis in the 200 µM HCPT+3-MA group, relative to the 200 µM HCPT group, was increased compared with that of the respective 400 µM HCPT groups. These data suggest that the ability of HCPT to enhance autophagy in A549 cells is HCPT dose-dependent and that autophagy inhibition combined with 200 µM HCPT treatment may be optimal for the treatment of lung cancer.

Autophagy has a dual function in tumorigenesis ([@b41-ol-0-0-8107]). Cancer is a complex disease, and autophagy serves different roles in patients depending on the type of cancer. Therefore, modulation of autophagy as a therapeutic strategy has a different sensitivity between the various types of cancer ([@b42-ol-0-0-8107]). Chemotherapy also serves an important role in current cancer treatment; furthermore, it interacts with autophagy ([@b43-ol-0-0-8107]). Autophagy is involved in a wide variety of physiological and pathological processes and is closely associated cancer ([@b44-ol-0-0-8107],[@b45-ol-0-0-8107]). Under normal circumstances, autophagy clears misfolded proteins and organelles, preventing stress reaction and cancer incidence ([@b46-ol-0-0-8107]). However, although autophagy is primarily a protective process, it can also promote cancer viability by degrading abnormal proteins and organelles in cancer cells ([@b44-ol-0-0-8107],[@b46-ol-0-0-8107]). Induction of autophagy may affect cancer drug curative effects ([@b47-ol-0-0-8107],[@b48-ol-0-0-8107]). The results of the present study suggest that the inhibition of autophagy induces a statistically significant decrease in viability and apoptosis in A549 cells in response to HCPT treatment. Taken together, the results of the present study lead to a deeper understanding of the molecular mechanisms underlying HCPT-induced autophagy in lung cancer.

In summary, the results of the present study support the hypothesis that autophagy is a survival mechanism for A549 cells in response to HCPT treatment. The results have marked implications because HCPT resistance and autophagy are associated with human cancer and resistance to treatment ([@b1-ol-0-0-8107],[@b3-ol-0-0-8107],[@b49-ol-0-0-8107]). Therefore, inhibiting autophagy in tumors may be a means to increase the efficacy of anticancer treatment.

The authors thank all members of the Medical Research Center, North China University of Science and Technology. The abstract was presented at the ATS 2017 Conference 19--24 May 2017 in Washington, DC, USA, and published as abstract no. A3124 in Am J Respir Crit Care Med 195 (Suppl 1): 2017.

Funding
=======

The present study was supported by the North China University of Science and Technology Research (grant no. 201610081026), the Key Projects of Science and Technology Research in Hebei Province (grant no. ZD2017063), the North China University of Science and Technology Research (grant no. X2016026) and the Tangshan International Technological Cooperation Projects (grant no. 14160201B).

Availability of data and materials
==================================

All materials described in the manuscript, including all relevant raw data, will be freely available to any scientist wishing to use them for non-commercial purposes, without breaching participant confidentiality.

Author\'s contributions
=======================

HW and WT designed the study. YW wrote the manuscript and performed the western blotting. CL conducted the cell culture and performed the cell viability assay. YZ prepared the cell samples for the autophagy assay. HH performed the laser-scanning confocal microscopy. XH prepared the cell samples for the apoptosis assay and performed the imaging. GZ and HL helped to conduct the cell culture and write the manuscript, and all authors read and approved the final manuscript.

Consent for publication
=======================

Not applicable.

Competing interests
===================

The authors declare that they have no competing of interests.

![HCPT inhibits cell viability and induces apoptosis in A549 cells. (A) Cell viability in A549 cells treated with various concentrations of (0, 50, 200 and 400 µM) HCPT using an MTT assay. (B) Expression of apoptosis-associated proteins Bcl-2 and Bax determined using western blot analysis. GAPDH (GA) was used as a loading control. The band intensities of the Bcl-2/Bax ratio were normalized to GAPDH (GA). (C) Apoptosis (Annexin^+^PI^+^ represent apoptosis) in A549 cells treated with various concentrations of (0, 50, 200 and 400 µM) HCPT assessed using Annexin V/PI staining and flow cytometry. Results are expressed as the mean ± standard deviation. In total, 10 independent experiments were performed. \*P\<0.05 vs. (0 µM) HCPT (control). HCPT, hydroxycamptothecin; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; PI, propidium iodide.](ol-15-05-6322-g00){#f1-ol-0-0-8107}

![HCPT treatment increases autophagy in A549 cells. Cyto-ID staining of A549 cells exposed to (0, 50, 200 and 400 µM) HCPT. Hoechst 33342 dye stained the nucleus (blue), Cyto-ID stained the autophagic cells (green). Magnification, ×40; n=8. HCPT, hydroxycamptothecin; RAPA, rapamycin.](ol-15-05-6322-g01){#f2-ol-0-0-8107}

![HCPT induces autophagic activity in A549 cells. (A) Western blot analysis of expression levels of LC3I/LC3II conversion, (B) Beclin-1 and (C) p-mTOR in A549 cells treated with (0, 50, 200 and 400 µM) HCPT. Tubulin (Tu) or GAPDH (GA) was used as the loading control. Results are expressed as the mean ± standard deviation. HCPT, hydroxycamptothecin; LC3, light chain 3; p-mTOR, phosphorylated mammalian target of rapamycin; Bax. Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2.](ol-15-05-6322-g02){#f3-ol-0-0-8107}

![Effect of combined treatment with 3-MA and HCPT in A549 cells. HCPT group A549 cells were treated with (0 and 200 µM) HCPT for 24 h, (5 mM) 3-MA group A549 cells were treated with (5 mM) 3-MA for 1 h and (50--200 µM) HCPT+ (5 mM) 3-MA group A549 cells were treated with (5 mM) 3-MA for 1 h then were treated with (200 µM) HCPT for 24 h. Expression levels of LC3I/LC3II conversion were analyzed using Western blotting. GAPDH (GA) was used as a loading control. HCPT, hydroxycamptothecin; 3-MA, 3-methyladenine.](ol-15-05-6322-g03){#f4-ol-0-0-8107}

![Inhibition of autophagy accelerates HCPT-induced apoptotic cell death in A549 cells. A549 cells were exposed to (0, 50, 200 or 400 µM) HCPT with or without 3-MA (5 mM), and harvested at 24 h. (A) Relative cell viability of A549 cells treated with (0, 50, 200 or 400 µM) HCPT, (5 mM) 3-MA or with (0, 50, 200 or 400 µM) HCPT+ (5 mM) 3-MA, determined using an MTT assay. (B) Apoptosis determined in A549 cells which were treated with (0, 50, 200 or 400 µM) HCPT, (5 mM) 3-MA or with (0, 50, 200 or 400 µM) HCPT+ (5 mM) 3-MA, using Annexin V/PI staining. (C) Western blot analysis of the Bcl-2/Bax ratio in A549 cells which were treated with (0 or 200 µM) HCPT, (5 mM) 3-MA or (0 or 200 µM) HCPT+ (5 mM) 3-MA. GAPDH (GA) was used as a loading control. Results are expressed as the mean ± standard deviation. \*P\<0.05 vs. (0 µM) HCPT (control); ^†^P\<0.05 vs. (0, 50, 200 or 400 µM) HCPT. HCPT, hydroxycamptothecin; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; 3-MA, 3-methyladenine.](ol-15-05-6322-g04){#f5-ol-0-0-8107}
